Methods
Introduction
Immune intervention in human cancers requires identification of tumor-specific or -associated antigens, and validation of their ability to elicit sufficient antitumor immune responses in patients. Mutated and unmutated self-proteins as well as non-self-proteins may be useful target antigens in some human cancers (1) (2) (3) . In B cell malignancies, the clonotypic surface Ig expressed by malignant B cells, idiotype (Id), is a tumor-specific antigen (4-6) and, therefore, provides a unique opportunity to target the antitumor immune responses. Gene rearrangements that occur during variable, diversity, and joining region (VDJ) and variable and joining region (VJ) recombination of Ig heavy and light chains and during the somatic hypermutation that is prevalent in mature normal and malignant B cells, including follicular lymphoma (FL), further increased the probability of the generation of unique epitopes that can provide tumor-specific target antigens (7) (8) (9) (10) (11) (12) .
The earliest human studies showed that immunization with Id conjugated to an immunogenic carrier, keyhole limpet hemocyanin (KLH), induced anti-Id Ab responses (13) . More recent studies have focused on the induction of cellular immunity against malignant B cells using different vaccination strategies. Vaccination with Id protein has been shown to elicit both CD8 + and CD4 + T cell responses (14) (15) (16) (17) (18) , suggesting the presence of antigenic epitopes in Id that can stably associate with MHC class I and class II molecules. Previous studies have shown that T cells from patients with B cell malignancies can be stimulated in vitro with synthetic peptides derived from complementarity-determining regions (CDRs) that form the hypervariable segments of Ig heavy chain, Ig V H (19) (20) (21) (22) (23) (24) . Nonetheless, the precise nature of antigenic epitopes recognized by the responding T cells in vivo is incompletely characterized (25) (26) (27) .
In this study, we have generated Id-specific T cell lines from postvaccine PBMCs of FL patients who had been actively immunized with a vaccine formulation that successfully induced CD4 + and CD8 + T cell responses and molecular remissions (17) , and used them as tools to identify functional T cell epitopes. Multiple, unique antigenic peptides were characterized that induced specific proliferation and secretion of proinflammatory cytokines in an MHC-associated fashion. Such defined antigenic epitopes may serve as candidates for novel peptide-vaccine strategies, as tools to selectively expand tumor antigen-specific T cells for adoptive immunotherapy, and as reagents for immune monitoring of vaccinated patients. Ab reagents and flow cytometry. Phenotypic characterization of T cells was performed by multiparameter flow cytometry in FACSCalibur (Becton Dickinson Immunocytometry Systems, San Jose, California, USA) using the following fluorochrome-conjugated mAb's: Simultest reagents: G1/G2a, CD3/CD4, CD3/CD8, CD3/CD19, CD3/CD16+56, CD45/CD14, CD3/HLA-DR; single-color reagents: CD3-allophycocyanin (CD3-APC), CD4-APC, CD25-FITC, CD45RA-phycoerythrin (CD45RA-PE), CD45RO-PE, CD69-APC, CD45-FITC, and CD45-PE (BD Biosciences Immunocytometry Systems, San Jose, California, USA), and HLA-A,B,C-PE, HLA-DR,DP,DQ-FITC, αβ T cell receptor-FITC (TCRαβ-FITC), TCRγδ-FITC, and isotype control Ab (BD Biosciences PharMingen, San Diego, California, USA). A total of 20,000 gated events were collected for each sample in a list-mode file, and data analysis was performed using CellQuest software (BD Biosciences Immunocytometry Systems).
For inhibition studies, we used mAb's against HLA-DR; HLA-DP; HLA-DQ; HLA-A, -B, and -C (class I); or HLA-DP, -DQ, and -DR (class II); and isotype controls IgG1k or IgG2ak (PharMingen International), HLA-DR52, and HLA-B*08 (both from One Lambda Inc., Canoga Park, California, USA). All mAb's were dialyzed before use. The APCs were incubated with anti-HLA Ab or isotype control Ig (25 μg/ml) for 2-3 hours prior to the addition of T cells. The percentage inhibition was calculated based on the responses in the absence of Ab in each group.
Antigen-specific proliferation and cytokine production. Postvaccine PBMCs (6 × 10 5 ), collected about 1 month after the last vaccine, were cultured in the absence or presence of the indicated amount of antigen. When T cell lines were used, 1 × 10 5 T cells were cultured with 6 × 10 5 irradiated (3.3 Gy) autologous prevaccine PBMCs or 3 × 10 5 irradiated (120 Gy) partially HLA-matched, Epstein-Barr virus-transformed (EBV) cell lines (33) in the absence or presence of the indicated Id protein/peptide. The proliferation response was measured by [ 3 H]thymidine incorporation (28) . All cultures were set up in triplicate, and the arithmetic mean cpm was calculated. The SD from the arithmetic mean values was less than 10% in all the experiments. The change in cpm was calculated by subtraction of mean cpm in the absence of antigen from mean cpm in the presence of antigen. For determination of cytokine responses in ex vivo PBMCs, 2 × 10 6 to 3 × 10 6 prevaccine or postvaccine PBMCs were cultured in 48-well plates in the absence or presence of 100 μM of the indicated peptide. Three and six days later, cell-free culture supernatants were collected and stored frozen at -70°C until analysis. Cytokine ELISA was performed using a Quantikine kit for GM-CSF, IFN-γ, and TNF-α (R&D Systems Inc., Minneapolis, Minnesota, USA) according to the manufacturer's direction. To determine the cytokine responses by T cell lines, 5 × 10 5 T cells, and 2 × 10 6 to 3 × 10 6 irradiated autologous PBMCs or HLA-matched or -unmatched APCs were cultured in the absence or presence of the indicated antigen. The antitumor responses by T cell lines from patient BL were determined by culturing of 5 × 10 5 T cells with 2 × 10 6 to 3 × 10 6 irradiated autologous or heterologous tumor cells, and corresponding PBMCs were used as controls. Cell-free supernatants were collected 3 and 6 days later, and the cytokines secreted were determined. The sensitivity of this assay for all the cytokines was 7.8 pg/ml, and the values were less than 7.8, less than 15.6, or less than 31.2 pg/ml depending on the initial dilution of the samples.
Intracellular cytokine assay. The frequency of antigen-specific T cells was determined by intracellular cytokine staining. T cells (5 × 10 5 ) were cultured with 2 × 10 6 to 3 × 10 6 irradiated autologous CD3-depleted PBMCs or partially HLA-matched EBV-583 cells (two class I and four class II alleles matched with the patient LE; Table 1 ) as APCs in 48-well plates in the absence or presence of the indicated antigen and 5 μg/ml anti-CD28 Ab (PharMingen International). Two hours after antigen stimulation, 1 μM monensin and 5 μg/ml brefeldin-A (Sigma-Aldrich) were added to block cytokine secretion. Following overnight culture, the cells were harvested and processed for intracellular cytokine staining as described previously (34) . The potentially responding T cells were identified first by gating on lymphocytes (forward scatter), and then by fluorescence gating (surface staining with CD3-FITC, CD4-peridinin chlorophyll protein [CD4-PerCP], and CD69-APC). For intracellular staining, the following anti-cytokine Ab's were used: IFN-γ-PE, TNF-α-PE, IL-4-PE, IL-10-PE, and isotype controls IgG1-PE and IgG2a-PE (BD Biosciences). Flow cytometry was done as described above. (17) . About 69% (9 of 13) of FL patients showed a specific proliferation response (stimulation index ≥ 3) to the self-tumor antigen, autologous Id (Figure 1) . By contrast, only 20% (two of ten) of myeloma patients showed specific, albeit weaker, responses to autologous Id. Nevertheless, all patients tested showed vigorous T cell proliferation responses to the foreign carrier protein, KLH, which demonstrated the immunocompetence of the patients at the time of vaccine administration. These results extend our previous observation that autologous tumor-specific cytokine responses were elicited by Id-KLH vaccine (17) . All four FL patients who did not respond to Id protein harbored peptide motifs in their Id sequences that were predicted to bind to one or more HLA alleles expressed by these patients (data not shown). Some of the FL patients that showed specific response to autologous Id were chosen for further studies described below.
Results

Postvaccine
T cell lines respond to autologous Id protein and/or autologous tumor. Two different strategies were used to generate T cell lines from vaccinated patients. Postvaccine PBMCs from four FL patients were repeatedly stimulated with either autologous Id protein or autologous tumor cells (see Methods). Id-raised and tumor-raised T cell lines from patient LE (LE-1 and LE-2, respectively) consisted of mostly (>98%) CD3 + CD4 + T cells (Table 2) . Prolonged culturing and repeated in vitro stimulations with Id protein probably provided selective growth advantage to CD4 + T cells, and eventually these lines consisted of 100% CD4 + T cells. Id-raised and tumor-raised T
Figure 1
Postvaccine PBMCs specifically responded to autologous Id. PBMCs from Id-KLH-vaccinated patients were cultured in the absence or presence of 100 μg/ml autologous Id, isotype-matched irrelevant T cell lines generated from patient LE (LE-1 and LE-2) showed significant proliferation responses to autologous Id (Figure 2A ), but not to isotype-matched Id proteins from other patients (HJ and TL). Similarly, T cell lines generated from patients TL and BS (TL-1, TL-2, BS-1, and BS-2) also showed corresponding Id-specific proliferation ( Figure 2 , B and C). In the case of BS T cells, the antigen-specific response was shown by cytokine secretion ( Figure 2D ). Again, irrelevant Id proteins from other patients (JR and LK were controls for TL, and PS, KR, and TD were controls for BS) failed to induce significant responses. In addition, Id-specific cytokine responses by LE and TL T cell lines paralleled their proliferation responses (data not shown). Furthermore, two CD4 + T cell lines (BL-1 and BL-2) and two CD8 + T cell lines (BL-3 and BL-4) from patient BL exhibited significant responses to autologous tumor, but not to autologous Id ( Figure 2E ). The specificity of antitumor response was demonstrated by the absence of response to tumors from other patients, LK and MC ( Figure 2F ). No significant response to alloantigens was observed.
Collectively, these results demonstrate that the Id-raised T cell lines generated from postvaccine PBMCs of FL patients specifi- cally recognized autologous Id protein and/or autologous tumor, and they were used to determine the precise antigenic epitope(s) recognized in the studies described below.
T cell epitopes are predominantly localized in the CDRs of tumor Ig V H . To elucidate the precise nature of antigenic epitopes recognized by Id-specific T cells, synthetic peptides were made from amino acid sequences deduced from nucleotide sequences of individual patients' tumor Ig V H region. At first, we made synthetic peptides corresponding to the entire CDR2 and CDR3 segments of tumor Ig V H . Next, using bioinformatics, we identified candidate peptides that were predicted to bind HLA alleles of a corresponding patient (30, 31) and synthesized peptides representing different Ig V H regions for each of the four patients studied (Table 3 ). For patients LE and TL, additional peptides were made by single-amino acid truncations at the NH 2 and/or COOH termini of the CDR2 and CDR3 sequences. For simplicity, the FWR and CDR peptides for each patient are serially numbered (e.g., CDR2-1 through CDR2-12 represent CDR2 peptides of LE Ig V H ).
These synthetic peptides were tested for their ability to stimulate Id-specific T cells using autologous PBMCs as APCs. Both LE-1 and LE-2 T cells proliferated in response to full-length autologous CDR2 (CDR2-1) and CDR3 peptides, but not to an irrelevant CDR3 peptide from another patient (TL-CDR3-1) ( Figure 3A) . Similarly, when EBV-583 cells were used as APCs, enhanced proliferation response to autologous CDR2-1 and CDR3 peptides was observed in both LE T cell lines, and no response to the irrelevant CDR3 peptide was observed ( Figure 3B ). Cytokine responses (GM-CSF, IFN-γ, and TNF-α) to the CDR2-1 and CDR3 peptides paralleled the proliferation responses (data not shown). The background responses to EBV-583 cells in the absence of peptide were minimal, indicating that the responses to alloantigens expressed by EBV-583 cells were insignificant. We next tested four additional CDR2 peptides (CDR2-7, -8, -9, and -12), each with one or more residues truncated from the fulllength CDR2-1 (see below); three FWR3 peptides; and one JH peptide (some of them overlap into adjacent CDR2 or CDR3 segments). It is important to note that these FWR and JH peptides were predicted to bind HLA-DRB1*0701 and/or -DRB1*1501 expressed by patient LE, and their ability to bind other class II alleles is not known. However, while all of the four CDR2 peptides induced dose-dependent proliferation by LE-1 T cells, the FWR3 and JH peptides did not, despite the wide range of peptide concentrations tested ( Figure 3C ). Similar results were obtained when autologous or HLA-matched heterologous PBMCs from patient VS were used as APCs (data not shown).
Likewise, four of six CDR3 peptides and one JH peptide from patient TL stimulated strong GM-CSF responses in TL-2 T cells, and lower, but significant, responses in TL-1 T cells ( Figure 4A ). These peptides also stimulated proliferation of TL T cells (data not shown). By contrast, a CDR1, an FWR2, a CDR2, and two FWR3 peptides failed to stimulate TL T cells. In patient BS, three of five CDR2 peptides and three of six CDR3 peptides induced strong GM-CSF responses in BS-1 and/or BS-2 T cell lines, while none of the four FWR3 peptides stimulated BS T cells ( Figure  4B ). Furthermore, the CD8 + T cell line from the patient BL (BL-3), although it failed to recognize autologous Id protein ( Figure 2E ), strongly responded to three of five CDR2, both of two CDR3, and one of five FWR3 peptides tested ( Figure 4C ). The CD4 + T cell line (BL-2), on the other hand, did not respond to most of the CDR2 and FWR3 peptides tested, except for a moderate response to the CDR3 and FWR3-5 peptides. Notably, the majority (four of five) of FWR peptides did not stimulate BL T cells. T cell lines from these three patients (TL, BS, and BL) also elaborated IFN-γ in response to the respective CDR peptides, but not to any FWR peptides (data not shown).
We next investigated whether the responses, described above, of established T cell lines to CDR peptides could also be observed in ex vivo, directly isolated, bulk PBMC samples. Accordingly, pre-and postvaccine PBMC samples from patients LE, TL, BS, and BL were cultured in the absence or presence of the same autologous CDR2 and CDR3 peptides in parallel (see Table 4 , legend). As specificity controls, irrelevant CDR peptides from different patients were used. In all four patients, no significant cytokine responses were seen in prevaccine PBMCs, whereas postvaccine PBMCs showed modest, but specific, cytokine responses to CDR peptides (Table 4) . These results are consistent with the hypothesis that Id vaccination induced tumor antigen-specific responses in these patients, and that the Id-specific T cell lines established in vitro represent amplifications of such vaccineinduced T cells present in vivo.
Taken together, this analysis of the tumor-derived Ig V H region peptides in four actively vaccinated FL patients suggests that there may be multiple, unique T cell epitopes in each Id protein and that the epitopes recognized are predominantly localized in the CDR domains.
Further characterization of LE T cell CDR2 epitope. The availability of sufficient numbers of PBMCs from patient LE, as well as an EBV-transformed cell line with four of six HLA class II alleles matched, EBV-583 (Table 1) , allowed us to further characterize LE-CDR2 epitope as described below. Irradiated EBV-583 cells were pulsed with different concentrations of peptide (0.0013-200 μM) for 2-3 hours and washed before being added to T cells. Dose-response curves showed that significant proliferation of LE-1 and LE-2 T cells was induced by as little as 0.16 and 0.8 μM of CDR2-1 peptide, respectively ( Figure 5A ). While the proliferation response in LE-1 T cells reached a plateau at about 10 μM, LE-2 T cells continued to show a dose-dependent increase in proliferation. The proliferation responses by both T cell lines were paralleled by an antigen-dose-dependent increase in the production of IFN-γ, TNF-α, and GM-CSF, but not IL-4 The full-length CDR2 peptide (CDR2-1) recognized by the LE T cells is 17 amino acids long. It is possible that this peptide undergoes further processing in APCs, and the minimal epitope recognized by T cells could be a smaller peptide. To address this issue, a synthetic CDR2 peptide library was made by progressive truncations from the amino or carboxyl terminus, and the resulting peptides were used to stimulate LE-1 and LE-2 T cells ( Figure 5C ). Sequential truncations of CDR2-1 peptide revealed that the first two amino acids at the amino terminus and the last four amino acids at the carboxyl terminus were dispensable, since synthetic peptides lacking these residues were able to induce significant proliferation of LE-1 and LE-2 T cells. These truncated peptides (CDR2-2, -3, -7, -8, and -9) induced a dose-dependent proliferation response ( Figure 3C ; and Figure 5C , legend). These results suggested that a shorter peptide (corresponding to position 52-61 of Ig V H ) might constitute the core of the CDR2 epitope. This was confirmed by the observation that an 11-mer peptide (CDR2-12, 52 TNTSSYISYAD 61 ) comprising the core of LE-CDR2 stimulated a dose-dependent proliferation and cytokine responses in LE T cells ( Figure 3C and data not shown). In this minimal epitope, the amino-terminal residues, threonine (T) and asparagine (N), and the carboxyl-terminal aspartic acid (D) seem to be critical for a functional epitope, since deletion of these residues caused significant loss or abrogation of T cell proliferation (peptides CDR2-5, -6, -10, and -11; Figure 5C ). Analysis of LE Ig V H amino acid sequence by algorithm-based epitope prediction revealed many 15-mer peptides that could potentially bind DRB1*0701 and DRB1*1501 (both alleles expressed by patient LE) with binding scores between 18 and 26, and several of them contained the motif TNTSSYISYAD in different registers. Potential binding of this motif to other class II alleles of patient LE could not be evaluated, as they were not available in the database used (see ref. 31 ). However, it should be noted that the delineation, described above, of a minimal epitope was based on studies using LE T cell lines that possibly consist of multiple clones of T cells, and therefore the presence of additional epitopes may be anticipated.
Next, we determined the frequency of peptide-specific T cells in LE T cell lines by intracellular cytokine staining of the T cells following overnight antigen stimulation using EBV-583 cells as APCs. Stimulation with 20 μM CDR2-1 peptide induced robust IFN-γ and TNF-α production in more than 95% of LE-1 T cells ( Figure 6 ). Dose-response studies showed that as little as 0.8 μM of CDR2-1 peptide stimulated IFN-γ and TNF-α responses in 
about 83% of LE-1 T cells (data not shown).
Stimulation with an irrelevant peptide (0.8-100 μM, TL-CDR3-1) did not induce any significant cytokine production compared with the medium controls ( Figure 6 and data not shown). Similar results were obtained when CD3-depleted autologous or HLA-matched heterologous PBMCs were used as APCs (data not shown). Additional experiments showed that several truncated CDR2 peptides (CDR2-7, -8, -9, and -12) also were able to induce strong intracellular cytokine responses in LE T cells (data not shown). As observed before with Id protein, these peptides did not induce IL-4 or IL-10 production in LE-1 T cells (data not shown). Thus, it was observed that LE T cells exhibited significant responses to the CDR2 peptide at doses as low as 200 nM, and an 11-amino acid peptide constituted the core of this epitope. Several peptide motifs containing this core epitope were predicted to bind class II alleles of patient LE. Stimulation of LE T cells with this epitope resulted in Th1-type cytokine responses.
Are the CDR2 T cell epitopes of Ig V H derived by somatic mutation? It is well documented that somatic mutations in variable heavy chain and variable light chain genes of Ig result in clonotypic expression of unique surface Ig receptor in normal and malignant B cells (7) (8) (9) (10) (11) (12) . Therefore, it is possible that the T cell epitope(s) identified above may have been generated by somatic mutation of Ig V H genes. To address this possibility, tumor Ig V H nucleotide sequences from patients were compared with consensus sequences of various germ-line Ig V H gene families, available in the database (V BASE Index, MRC Centre, Cambridge, United Kingdom), to identify the Ig V H gene they were most likely derived from. Comparison with the germ-line Ig V H genes revealed several point mutations that result in amino acid substitutions throughout the CDR2 and CDR3 regions of tumor Ig V H ( Figure 7A and data not shown). In particular, LE tumor Ig V H CDR2 sequence had four unique amino acid substitutions at the amino-terminal end ( Figure 7A ). Synthetic peptides from the three candidate, closely related germline CDR2 sequences were tested for their ability to stimulate LE T cells. As observed before, the stimulatory peptides (LE-CDR2-1 and LE-CDR2-9) induced strong cytokine responses in LE-1 T cells. By contrast, cytokine responses to the three germ-line CDR2 peptides were insignificant, as seen with the nonstimulatory control peptides LE-CDR3/JH and TL-CDR-2 ( Figure 7 , B and C).
It is possible that the absence of response to germ-line CDR2 peptides is due either to their inability to bind the HLA class II alleles of patient LE or to the absence of appropriate T cells in the LE-1 T cell line to recognize the germ-line CDR2 peptides. However, analysis of the predicted binding of the germ-line CDR2 peptides to HLA-DRB1*0701 and -DRB1*1501 (both alleles expressed by patient LE) revealed that they had similar binding scores to that of the stimulatory peptide LE-CDR2-1 (Table 5) . Furthermore, studies with EBV transformants expressing either HLA-DRB1*0701 or -DRB1*1501 suggest that these alleles may be involved in presenting a cognate peptide (e.g., LE-CDR2-1) to LE T cells (see below). The control peptide TL-CDR2 showed higher binding scores but nevertheless was nonstimulatory. The ability of the germ-line peptides to bind other class II alleles of patient LE, which were not available in the database, is unknown. Based on these findings, it seems likely that the absence of response to germline peptides is due not to their failure to bind HLA molecules of the host, but rather to the absence of potentially responding T cells in the LE-1 T cell line.
These results are consistent with the possibility that LE-1 T cells recognized a unique CDR2 epitope that may be a product of somatic mutation. Alternatively, the results could be due to differences in the patient's actual and consensus germ-line gene sequences or to a previously unidentified germ-line gene in this patient.
MHC association of Id-and tumor-specific T cell responses. The autologous Id-and tumor-reactive T cells described above express TCRαβ. Numerous reports have established that both CD4 + and CD8 + T cells with TCRαβ recognize nominal antigenic peptides in the context of self MHC class II and class I molecules, respectively (35) . Two independent approaches were taken to demonstrate MHC association of Id-and tumor-specific T cell responses. First, PBMCs and EBV cell lines from heterologous patients that shared one or more HLA class I and/or class II alleles with patient LE were used as APCs to stimulate LE-1 and LE-2 T cells. Both these T cell lines consisted of at least 98% CD4 + T cells and were stimulated by autologous Id presented by allogenic PBMCs that shared several HLA class II alleles (patient VS), but not by PBMCs from patients HR, BE, RB, SG, and NC ( Figure 8A and Table 1 ). In particular, the alleles DRB1*1501, DQB1*0602, and DRB5*0101 are shared by LE and VS, and PBMCs from patients that did not express these alleles, as mentioned above, failed to stimulate LE T cells. Furthermore, EBV transformants from two different patients -EBV-583 and EBV-1087 -that expressed three or four class II alleles that matched with LE (including those mentioned above) were able to present LE-CDR2-1 peptide to LE T cells (Figure 8B and Table 1 ). The EBV transformants from a third patient, EBV-1088, expressing DQB1*02 and DRB4*01 that matched with LE, induced a low level of response in LE-1 T cells, whereas EBV-1363 from a fourth patient with no matching class II allele failed to stimulate LE T cells ( Figure 8B and Table 1 ). Interestingly, with the exception of a weak allogenic response against antigen-unpulsed PBMCs from patient RB, there was no significant allogenic response by LE T cells to any of these heterologous APCs. Together, these results suggest that it is possible that one or more of the HLA class II molecules DRB1*1501, DQB1*0602, and DRB5*0101 could be involved in antigen presentation to LE T cells. Similarly, TL-1 T cells were stimulated by autologous Id protein and TL-CDR3-1 peptide when autologous PBMCs or partially HLA-matched PBMCs from patient JR (sharing DRB1*07, DRB3*02, and DRB4*01 with patient TL) were used as APCs, but not when mismatched PBMCs from patient LK were used ( Figure  8 , C and D, and Table 1 ). However, JR PBMCs induced only about 30-40% of the response induced by autologous TL PBMCs, suggesting that additional HLA class II molecules not expressed by JR may also be involved in antigen presentation to TL T cells.
In the second approach, anti-HLA Ab's were used to inhibit T cell responses to autologous Id protein, peptides, or autologous tumor. Addition of anti-DR, anti-DP, or anti-DQ Ab's moderately inhibited (30-78%) LE-1 and LE-2 T cell response to the CDR2-1 peptide ( Figure 8E) . However, addition of pan-class II Ab's significantly inhibited (>85%) the response by both the T cell lines, and less than 10% inhibition was seen with isotype-matched control Ig ( Figure 8E ). Although these results did not identify the class II molecule(s) involved, they are consistent with the above-mentioned results with heterologous APCs and suggest that all of the three class II molecules (HLA-DP, -DQ, and -DR) may be involved in activating different populations of T cells present in both LE T cell lines. Similarly, while pan-class II Ab's inhibited (90%) TL-1 and TL-2 proliferation response to autologous Id protein, isotype control Ig or anti-class I Ab's did not ( Figure 8F) . Likewise, the proliferation of BL-1 (CD4 line) T cells in response to autologous tumor was inhibited by anti-class II, but not by anti-class I, Ab's ( Figure 8G) , and conversely the proliferation of BL-3 (CD8 line) T cells in response to autologous tumor was inhibited by anti-class I, but not by anti-class II, Ab's ( Figure 8G ). Additional experiments were performed to further delineate the HLA molecules involved in the stimulation of BL T cells. The antitumor response by the CD4 line (BL-1) was moderately (about 50%) inhibited by anti-DR as well as anti-DQ mAb's, suggesting that both DR and DQ molecules may be involved in the activation of BL-1 T cells. On the other hand, two different anti-DR52 mAb's failed to inhibit the responses, suggesting that the DRB3*01 and DRB3*02 molecules expressed by the patient may not be involved in the activation of BL-1 T cells ( Figure 8H ). The antitumor response by the CD8 T cell line (BL-3) was almost completely inhibited by anti-HLA-B*08 mAb, but not by any of the class II-specific Ab's tested ( Figure 8H ), and it is likely that this response is HLA-B*08 restricted.
In all the T cell lines investigated, except BL-3, multiple HLA molecules seem to be involved in the activation of T cells, and this is consistent with the possible heterozygous nature of these T cell lines. Overall, these results suggest that both the CD4 and the CD8 T cell responses to Id proteins, Id peptides, and/or autologous tumor were associated with HLA class II and class I molecules, respectively.
Discussion
Identification of clinically relevant tumor-rejection antigens recognized by human T cells has facilitated the development of novel strategies for active immunotherapy of human cancers. For example, a number of T cell epitopes have been well characterized for human melanoma (1-3), renal cell carcinoma (36) , and breast carcinoma (37) antigens. Functional CD4 and CD8 T cell responses against the B cell tumor antigen Id have also been described in patients with different types of B cell malignancies (17, 38, 39) , especially after active immunization with Id protein. However, information on the precise nature of antigenic epitopes in Id protein recognized by the responding T cells is limited. Previous studies have suggested that T cells from patients with B cell malignancies could be stimulated in vitro to recognize synthetic peptides corresponding to the Ig V H CDR segments (19) (20) (21) (22) (23) (24) . Nonetheless, the precise epitopes recognized by T cells in vivo are entirely unknown. In this study we have shown that the majority of Id-vaccinated patients exhibited Id-specific T cell responses, and only a fraction (3 of 13) of the vaccinated patients failed to do so. However, it is unlikely that this failure is due to a lack of T cell epitopes in their Id, because epitope-prediction analysis revealed several motifs that could potentially bind one or more HLA molecules expressed by these patients. Whether the lack of T cell response in these patients is due to clonal deletion or peripheral tolerance remains to be determined. Furthermore, we have analyzed T cell lines generated from FL patients who had been actively immunized with the unique Id protein expressed by their tumors to The main goal of this study was to elucidate the precise nature of the antigenic epitopes recognized by human Id-specific T cells. The intrinsic variability in nucleotide sequence generated by VDJ recombination, nontemplated addition of nucleotides in the CDR segments of Ig V H , and somatic point mutations can all produce potentially unique antigenic epitopes (7) (8) (9) (10) (11) (12) . In all eight independently derived T cell lines from the four patients studied, the functional T cell epitopes localized to the hypervariable regions (CDR2 and CDR3) of corresponding tumor Ig V H . These T cell responses were uniquely patient-specific, as they responded only to peptides derived from autologous CDR sequences. Besides, the CDR peptides stimulated cytokine responses in postvaccine PBMCs from these four patients in a patient-specific manner, suggesting that the responses described above for T cell lines may represent that of such vaccine-induced T cells present in vivo. There was no evidence of endogenous responses to these CDR epitopes in the tumor-bearing host prior to vaccination that were then amplified following Id vaccination. It also became clear that there is more than one immunodominant epitope in each Id protein, raising the possibility of a polyclonal T cell response against this antigen. Such a polyclonal response would be valuable to maintain a sufficient pool of specific T cells against tumor antigen(s) and might help to reduce the chance of immune escape variants and to establish long-lasting antitumor immunity following active vaccination (40) (41) (42) .
The detailed study of a CDR2 epitope in Ig V H of patient LE demonstrated the immunodominant nature of a number of overlapping CDR2 peptides. These peptides stimulated the majority of LE T cells to produce proinflammatory cytokines such as IFN-γ, TNF-α, and GM-CSF, as evident from intracellular cytokine staining. Elaboration of Th1 cytokines by tumor-specific CD4 + T cells has been shown to have both direct and indirect effects on the induction and maintenance of antitumor immunity (43) . The marked absence of inhibitory cytokines such as IL-10 following antigen (Id protein or peptide) stimulation might help prevent negative-feedback regulation of the generation and function of antigen-specific effector T cells (44) (45) (46) .
Unlike CDR peptides, the majority of FWR peptides failed to stimulate autologous T cell lines from all of the four FL patients studied, except one JH peptide (patient TL) and one FWR3 peptide (patient BL). It is important to note that all FWR peptides used in this study had similar predicted binding affinity, as did the CDR peptides with one or more HLA molecules in the corresponding patient. These results, therefore, support the notion not only that FWR peptides were cryptic, but also that the frequency of T cells capable of responding to FWR peptides might have been very low and that these T cells may have been lost during the generation of Id-specific T cell lines. The precursor frequency of T lymphocytes able to recognize unmutated self-antigen (e.g., FWR peptides) is likely to be low in peripheral blood (47) , and this did not significantly change following Id vaccination. Enhanced T cell responses to CDR peptides were seen when APCs expressing high levels of HLA and costimulatory molecules (e.g., EBV-583 cells) were used; however, under the same conditions, the response to FWR peptides remained at the background levels. In contrast, by deliberate in vitro restimulations with FWR peptides using CD40-activated B cells as APCs, cytotoxic T cell lines could be generated against FWR peptides in some chronic lymphocytic leukemia and FL patients (25) , and this was improved using heteroclitic FWR peptides with enhanced binding to HLA-A2 molecule (26) . At this time our data do not provide evidence that in vivo T cell responses actually elicited in Id-vaccinated patients are directed against FWRs of Ig V H , and the reason for this discrepancy is not clear.
Furthermore, peptides from three related (V H 3 family) germline CDR2 sequences failed to stimulate LE T cells despite their significant sequence similarity with LE-CDR2. In addition, analysis of the predicted binding ability showed that the germ-line CDR2 peptides had binding scores similar to that of LE-CDR2 peptide. This suggested that T cells capable of recognizing germ-line peptides were probably absent; whether this was due to clonal deletion or peripheral tolerance is unclear. This is consistent with the importance of critical substitutions at the amino terminus of LE-CDR2 (Ig V H position 50-52a in 50 YITN 52a TSSYISYAD 61 ). Somatic mutation in FL B cells has been shown to selectively generate novel sites (threonine and asparagine) for N-linked glycosylations in CDR segments, more frequently in CDR2 (48) , and this may increase the possibility of generating unique antigenic epitopes. Interestingly, LE-CDR2 harbors such amino acid residues as a critical component of the natural antigenic epitope (YITNTSSYISYADSVKG), and synthetic peptides with deletions of these residues (e.g., SSY-ISYADSVKG) were unable to stimulate LE T cells. Furthermore, epitope-prediction analysis of LE Ig V H revealed several peptides that included the motif TNTISYSSYAD (the minimal epitope described above), which could potentially bind at least HLA-DRB1*0701 and -DRB1*1501, molecules expressed by patient LE. It is also possible that the patient would have responded if the patient had been vaccinated with an alternate idiotype that also contained an 11-mer sequence that could bind and be presented by the patient's HLA allele(s). However, additional studies are required to determine whether these amino acid substitutions are a result of the somatic mutation process commonly observed in germinal center B cells (7) (8) (9) (10) (11) (12) . Alternatively, it is possible that the unique CDR2 epitope in LE tumor Ig V H represents an as-yet unidentified, unmutated germ-line sequence.
Results of the studies with HLA-matched and unmatched APCs, and inhibition of T cell responses in the presence of anti-HLA class II Ab's, have demonstrated that multiple HLA molecules may be involved in the activation of Id-specific CD4 + T cell lines. This is consistent with the fact that exogenous antigens are processed primarily through the MHC class II pathway (35) . These CD4 + T cells could play an important role in the induction and maintenance of antitumor immunity (43) . However, because of the possible multiclonal or oligoclonal nature of T cell lines and multiple HLA molecules expressed by the APCs used in the study, we were unable to identify specific HLA alleles involved. On the other hand, autologous tumor-raised T cell lines consisted of both CD4 + (BL-1) and CD8 + (BL-3) T cells, and their responses were class II or class I associated, respectively. In the case of the CD8 + BL-3 T cells, the restriction element seems to be HLA-B*08. It is possible that the endogenous putative tumor antigen(s) was presented by class I as well as class II molecules. Simultaneous induction of both subsets of T cells capable of responding to tumor antigen(s) by a therapeutic cancer vaccine is probably desirable.
In conclusion, we have shown that T cell lines derived from actively immunized FL patients recognized multiple, unique, and patient-specific antigenic determinants of Id in an MHC-associated fashion. The dominant antigenic epitopes localized to the hypervariable regions (CDRs) of tumor Ig V H . It should be noted that the contribution of Ig light chain, and antigenic epitopes it might harbor, has not been addressed in our study. The association of Id-specific T cells with the achievement of molecular remissions in vaccinated patients (17) suggests that the responses against these newly identified T cell epitopes may be clinically relevant. The presence of multiple T cell epitopes in individual Id proteins, the likelihood of these epitopes to functionally associate with more than one HLA molecule, and the activation of both CD4 + and CD8 + T cell subpopulations that can recognize the autologous tumor B cells (S. Baskar, unpublished observation) support the hypothesis that vaccination with a defined tumor-specific antigen can elicit robust and polyclonal T cell responses. As additional T cell epitopes in human Id proteins are characterized, such defined antigenic epitopes may serve as candidates for novel peptide-vaccine strategies, for in vitro expansion of antigen-specific T cells for adoptive immunotherapy, and as reagents for immune monitoring of vaccinated patients.
